We found a change in morphology when lysozyme crystals were grown in a magnetic field. The phenomenon was caused by the magnetic force derived from the magnetic susceptibility gradient. We propose that this force should be called the "magnetic susceptibility force".
Introduction
Generally, a magetic gradient is required to generate a magnetic force. However, under certain conditions, magnetic forces are observed in a homogeneous magnetic field [1, 2] . In particular, these forces appear to work at interfaces, such as those between solid and liquid phases. We propose another type of magnetic force, which works at interfaces, that is, a "magnetic susceptibility gradient force" [3] .
In the crystal growth field, the chicken egg white lysozyme is often used as a model protein since the high-pure commercial sample is obtainable easily. Additionally, some magnetic orientation of the compound have been reported [4, 5] . According to their reports tetragonal crystals, which grew in a weak acid solution, aligned their c-axis in the direction of a magnetic field.
In this paper, we observed the growth of lysozyme crystals, which was prepared in a weak alkaline solution, in a high magnetic field, and found a change in crystal morphology. Mechanisms of the phenomenon are discussed.
Experimental
Lysozyme crystals were obtained as follows. Commercial Lysozyme (Seikagaku corporation) was used without purification. This was dissolved in a weak alkaline buffer solution (pH 8.6) with sodium chloride. The solution was poured into a glass vessel (diameter: 15 mm). Lysozyme grew as an orthorhombic needle crystal at 298 K for 2 to 3 days. The temperature of the vessels was controlled by circulating water from a thermostat.
The experiments with high magnetic fields were carried out in the vertical bore That implies that the morphology change was not caused by the magnetic field gradient, but by the magnetic field intensity, and that usual magnetic force did not act on this system.
Results and Discussion
Lysozyme itself is non ionic compound, and the ionic concentration of the solution does not change during the growth of crystals. Therefore this change is not caused by the Lorentz force.
A possible mechanism is a force caused by magnetic susceptibility gradient. The usual magnetic energy E is given by the following equation,
where μ 0 is a magnetic permeability of vacuum, χ v is a volume magnetic susceptibility, V is a sample volume, H is a magnetic field. The general magnetic force F is given by a gradient of the magnetic energy as follows,
Substituting eq. (1) into eq. (2) gives the following equation.
The first term shows the usual magnetic force. Because this term contains a magnetic field gradient at a position z, dH/dz, the degree of the magnetic field gradient determines the magnitude and direction of this force. This force will be negligible at the middle position because of no magnetic field gradient. The second term is governed by the magnetic susceptibility gradient. Although this force is known as "paramagnetic force"
in electrochemistry [6, 7] , this will be effective not only for paramagnetic species but also for diamagnetic species under high magnetic fields, as in the present case. We shall call this additional force the "magnetic susceptibility force", F MS . Namely,
The character of this force is described as follows,
1. This force is effective in a homogeneous magnetic field.
2. The direction of this force is determined by the sign of the magnetic susceptibility gradient dχ v /dz, not that of the magnetic susceptibility χ v .
3. The magnitude of this force is very sensitive to the magnetic susceptibility gradient dχ v /dz at interfaces, and depends on the square of a magnetic field H.
4. This force is insensitive to the direction of the magnetic field.
We estimate the magnetic susceptibility force in the present experiment. The magnetic susceptibility gradient will be generated by lysozyme concentration gradient at a diffusion layer between a lysozyme crystal interface and bulk solution. The magnetic susceptibility force works at the diffusion layer ( Fig. 3 (a) ). Generally the rate-determining step of the crystal growth is nucleation process. In a gravitational field, usually the process progresses in interface control. According to the growth of glycine crystals, a concentration gradient exists around a crystal, and its thickness of diffusion layer is reported to be 0.04 mm [8] . Since the concentration at the interface is very low, we put the concentration at nothing for simplification. The bulk concentration is assumed 25 mg/mL, according to the experimental condition. The thickness of the diffusion layer δ is estimated to be 1 mm. It is well known that this value varies significantly depending on reaction conditions. Probably the thickness value δ, 1 mm, will be very large, therefore nearly minimum value of the magnetic susceptibility force will be estimated. The volume susceptibility χ v can be approximated by multiplying mass susceptibility χ by the concentration of the material,
Using eq. (5) the magnetic susceptibility gradient is described as follows,
Since the concentration gradient at the diffusion layer is estimated to be 2. emu g -1 [9] , the magnetic susceptibility gradient is estimated to be -2.20 × 10 -4 m -1 .
Substituting eq. (6) into eq. (4) gives the following equation.
When the magnetic flux density is 15 T, the force per unit volume, F MS /V, is estimated to be -1.97 × 10 4 N/m 3 , that is, -1.97 × 10 -2 N/cm 3 . This force is enough to affect convection or transportation of solute in the solution, because this is comparable with gravity force on water (9.8 × 10 -3 N/cm 3 ). Moreover, the direction of the force is determined by the sign of a magnetic susceptibility gradient, not the direction of the magnetic field. Therefore the isotropic force works on the crystal interface. Since the distribution of concentration gradient around a crystal nucleus is pseudo-spherical, the crystal will grow spherically ( Fig. 3(b) ).
We reported that three-dimensional silver dendrites produced via the reaction between silver ion and copper metal were drastically affected by the magnetic field. In the absence of the magnetic field, branches of metallic silver grew in dendrite with metallic color. In the presence of the magnetic field, dendrites are black in color and almost spherical in shape [10, 11] . It was found that increasing in the yield and growing rate of the silver dendrite were mainly caused by a magnetic force on silver ion.
will be based on the magnetic susceptibility force from the result of this paper.
Conclusions
The force caused by the magnetic susceptibility gradient affected the morphology of lysozyme crystal. The magnetic susceptibility force works generally at the interface between different phases or materials, e.g. solid/solid, solid/liquid, and so forth, even though the system only contains diamagnetic species. This shows the possibility of a new type of magnetic force. 
